To investigate the incidence of surgical intervention in very low birth weight (VLBW) infants and the impact of surgery on neurodevelopmental outcomes at corrected ages (CAs) of 18-24 months, using data from the Korean Neonatal Network (KNN). Methods: Data from 7,885 VLBW infants who were born and registered with the KNN between 2013 to 2016 were analyzed in this study. The incidences of various surgical interventions and related morbidities were analyzed. Long-term neurodevelopmental outcomes at CAs of 18-24 months were compared between infants (born during 2013 to 2015, n = 3,777) with and without surgery. Results: A total of 1,509 out of 7,885 (19.1%) infants received surgical interventions during neonatal intensive care unit (NICU) hospitalization. Surgical ligation of patent ductus arteriosus (n = 840) was most frequently performed, followed by laser therapy for retinopathy of prematurity and laparotomy due to intestinal perforation. Infants who underwent surgery had higher mortality rates and greater neurodevelopmental impairment than infants who did not undergo surgery (P value < 0.01, both). On multivariate analysis, single or multiple surgeries increased the risk of neurodevelopmental impairment compared to no surgery with adjusted odds ratios (ORs) of 1.6 with 95% confidence interval (CI) of 1.1-2.6 and 2.3 with 95% CI of 1.1-4.9. Conclusion: Approximately one fifth of VLBW infants underwent one or more surgical interventions during NICU hospitalization. The impact of surgical intervention on long-term neurodevelopmental outcomes was sustained over a follow-up of CA 18-24 months. Infants with multiple surgeries had an increased risk of neurodevelopmental impairment compared to infants with single surgeries or no surgeries after adjustment for possible confounders.
INTRODUCTION
Neonatal complication rates in preterm infants have largely been stagnant for decades as survival rates of extreme premature infants are constantly increasing. 1 -4 Relatively few studies, however, have been conducted investigating the incidences of surgical interventions due to major neonatal morbidities and the impact of surgery on neurodevelopmental outcomes in very low birth weight (VLBW) infants. 5 -12 Studies investigating surgical outcomes using national registry data are even fewer. 13 Although this data is useful for parents of preterm babies, neonatologists desiring quality improvement in their units, and government agencies seeking to determine the overall medical costs associated with preterm care, the current incidence of surgical interventions in preterm infants in Korea is not known.
The purpose of the present study was therefore to investigate the incidences of various surgical interventions in VLBW infants and the impact of surgery on neonatal neurodevelopmental outcomes at corrected ages (CAs) of 18-24 months, using data from the Korean Neonatal Network (KNN), with which more than 70% of VLBW infants born in Korea are registered. 14 Additionally, the association between the number and type of surgical intervention and neurodevelopmental outcomes was evaluated in this study.
METHODS

Study population
The KNN is a nationwide neonatal registry of 70 neonatal intensive care units (NICUs) representing 70% of the NICU beds in Korea. The database provides prospectively collected clinical information on VLBW infants totaling 70%-80% of the VLBW infants born in Korea each year. Among all 8,287 infants registered in the KNN database over a four-year period from January 2013 to December 2016, infants with gestational age < 23 weeks (n = 105) or having life-threatening congenital anomalies (n = 297) were excluded, and the remaining 7,885 infants were included in this study. Among these infants, data on longterm neurodevelopmental outcomes at CAs of 18-24 months were available for infants born between January 2013 and December 2015 (n = 3,777), as long-term data on infants born in 2016 had not yet been reported.
Data collection and data monitoring
The study variables were defined according to a manual of definitions and operations. Data validation and monitoring at each site were performed on a regular basis by external monitoring agents. 14 Demographic data included gestational age (GA), birth weight, sex, multiple gestation, cesarean section, Apgar score at 1 and 5 minutes, antenatal steroid use, pathologically confirmed chorioamnionitis, and other variables. The various surgical interventions and related morbidities were compared according to GA group which was set arbitrarily considering the number of patients and the survival rates: group I, GA ≤ 26 weeks (n = 2,135); group II, GA 27-29 weeks (n = 2,962); and group III, GA 30 weeks or higher (n = 2,788).
Surgical interventions included ventriculoperitoneal shunt (VP shunt)
, laser operation for retinopathy of prematurity (ROP), surgical ligation for patent ductus arteriosus (PDA), tracheostomy due to long-term mechanical ventilator support or airway maintenance, and laparotomy or peritoneal drainage due to necrotizing enterocolitis (NEC) or spontaneous intestinal perforation (SIP). Data on in-hospital morbidities related to surgical interventions were also collected.
Long-term neurodevelopmental outcomes at CAs of 18-24 months included cerebral palsy, Bayley scales of infant development (BSID)-II or III, and neurosensory impairment. Severe cognitive delay was defined as a mental developmental index (MDI) of less than 70 in BSID-II, or cognitive/language score of less than 85 in BSID-III according to the recent studies by Jary et al. 15 and Johnson et al. 16 Likewise, severe psychomotor delay was defined as a psychomotor developmental index (PDI) of less than 70 in BSID-II, or motor score of less than 85 in BSID-III. Neurosensory impairment included unilateral or bilateral visual or hearing loss. Neurodevelopmental impairment was defined as the presence of at least one of the following: cerebral palsy, severe cognitive or psychomotor delay, or neurosensory impairment. Cerebral palsy was defined as a non-progressive disorder of motor function affecting bilateral upper and lower extremities, diagnosed at CAs of 18-24 months by a pediatric neonatologist or a physician specializing in pediatric rehabilitation medicine.
Statistical analysis
Data on demographics, surgical interventions, surgery-related morbidities, and neurodevelopmental outcomes were evaluated in infants among different GA groups. Neurodevelopmental outcome data of infants who received one or more surgical interventions were compared with those of infants who received no surgical interventions. Continuous variables are shown as means ± standard deviations. Statistical differences were calculated with χ 2 tests for categorical variables and a t-test or Mann-Whitney U test for quantitative variables. To test the impact of surgery, number of surgeries, and type of surgery on neurodevelopmental impairment at CAs of 18-24 months, multivariate analyses calculating adjusted ORs with 95% confidence intervals (CIs) were performed by using binary logistic regression. Multivariate analyses were adjusted for GA, antenatal steroid use, intraventricular hemorrhage grade 3-4, moderate to severe bronchopulmonary dysplasia, retinopathy of prematurity stage 3 or greater, necrotizing enterocolitis stage 2 or greater, and blood culture-proven sepsis. Data analysis was performed using STATA 14.0 (StataCorp LP, College Station, TX, USA).
Ethics statement
The KNN registry was approved by the Institutional Review Board at each participating hospital and informed consent was obtained from the parents at enrollment by the NICUs participating in KNN (Samsung Medical Center, 2013-03-002).
RESULTS
Demographic characteristics
The mean GA of the study population was 28.5 ± 3.0 weeks, ranging from 23.0 to 38.3 weeks, with a mean birth weight of 1,085 ± 280 g. In total, 1,509 infants from among 7,885 (19.1%) received surgical interventions during initial NICU hospitalization. Infants who underwent surgery had lower GAs, birth weights, Apgar scores at 1 and 5 minutes, lower rates of cesarean section, maternal hypertension, gestational diabetes, and higher rates of chorioamnionitis ( Table 1 ). Table 2 shows the incidences of surgical interventions and related morbidities. Surgical ligation of patent ductus arteriosus (840/7,885; 10.7%) was most frequently performed, followed by laser therapy for retinopathy of prematurity (7.4%) and laparotomy due to intestinal perforation (5.7%). Surgical intervention was performed more frequently in infants in group I than in those in groups II (P value < 0.01) and III (P value < 0.01). There were 347 infants (4.4%) who received more than one surgical intervention ( 
Incidence of surgical intervention and related morbidities
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were also more frequent in infants in the lower GA group. Additionally, congenital anomalies typically requiring surgical correction are presented in Supplementary Table 1 .
In-hospital mortality and long-term neurodevelopmental outcomes
Mortality rates during initial NICU hospitalization were significantly higher in infants who underwent surgery than in infants who did not undergo surgery (15.6% vs. 11.8%; P value < 0.01) ( Table 4) . Among 3,777 infants followed up until 18-24 months of CA, infants who underwent surgery had significantly higher incidences of cerebral palsy, severe cognitive or psychomotor delay, and neurosensory impairment. The higher the number of surgeries, the higher the likelihood of exhibiting neurodevelopmental impairment was.
Multivariate analysis
On multivariate analysis, surgery increased the risk of neurodevelopmental impairment with an adjusted OR of 1.7 (95% CI, 1.1-2.7) compared to no surgery ( Table 5 ). The risk of surgery on the neurodevelopmental impairment increased by an adjusted OR of 1.7 (95% CI, 1.1-2.7) as the number of surgeries increased by one. Additionally, there was an increased incidence of cerebral palsy, severe cognitive delay, and any neurodevelopmental impairment as the number of surgeries increased. Each major surgery, with the exception of PDA ligation and surgery due to SIP, increased the risk of neurodevelopmental impairment with statistical significance.
DISCUSSION
In the present study, 1,509 VLBW infants (19.1%) underwent surgical intervention during NICU hospitalization; PDA ligation (n = 840) was performed most frequently, followed by laser operation for ROP (n = 585) and laparotomy due to necrotizing enterocolitis (n = 283 and Human Development Neonatal Research Network Generic Database (n = 2,186). The study by Filan et al. 18 showed the association between surgery, particularly intestinal surgery, and brain volume in infants born at < 30 weeks gestation (n = 227). The authors showed that infants exposed to surgery had smaller deep nuclear gray matter volumes and greater white matter injury. The authors also showed that the adverse effects of surgery on neurodevelopmental outcome were more pronounced in infants received intestinal surgery than those received PDA ligation. However, these authors did not include VP shunt and tracheostomy in their main analysis; these two surgical procedures were found to be associated with the highest risk of neurodevelopmental impairment in our study. The adverse effects of surgery on neurodevelopmental outcome were also demonstrated in children with noncardiac congenital anomalies through the systematic review by Stolwijk et al. 19 The results from the pooled data showed that cognitive and motor developmental delay was found in 23% children who received surgery in neonatal period due to noncardiac congenital anomalies. The study by Flick et al. 20 also showed that repeated exposure to surgery and anesthesia before the age of 2 was associated with learning disability in later school life. The 6/10 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e271 Adjusted gestational age and antenatal steroid use, intraventricular hemorrhage grade 3 or 4, retinopathy or prematurity stage 3 or greater, moderate to severe bronchopulmonary dysplasia, necrotizing enterocolitis stage 2 or greater, blood culture proven sepsis.
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authors included children from a birth cohort in Minnesota, USA, however few VLBW infants were included in the study. With the exception of the study by Morriss et al., 13 there have been no reports presenting national data on surgical outcomes in extremely preterm infants. Our data show great significance in presenting national data on VLBW infants by showing that surgical intervention performed during initial NICU hospitalization was associated not only with the risk of short-term in-hospital morbidity and mortality but also with long-term neurodevelopmental outcomes after adjusting for possible confounders, including the severity of underlying morbidities. We also provided the additional evidence suggested by Morriss et al., 13 that is, that the number of surgeries matters: the more surgical interventions, the greater risk of neurodevelopmental impairment.
It is difficult to differentiate the impact of surgery on neurodevelopmental outcomes from the adverse effects of anesthetic medications or from the effects of the underlying morbidities leading to surgery and simultaneously to brain injury through systemic inflammation, infection, or cellular hypoxia. 21 -25 Unfortunately, a randomized clinical trial does not seem to be an appropriate method, as it is unethical to deliberately divide infants with life-threatening conditions into surgical and medical arms. Because of emerging evidence suggesting the direct toxic effects of general anesthetic medications on the premature and developing brain, 26 -29 it is also unethical to administer unnecessary general anesthetics for study purposes. Although the data in the present study were collected retrospectively from infants registered prospectively, post-hoc analysis of this large-scale national cohort data seemed to be the most feasible and reasonable design to assess the impact of surgery on neonatal outcomes after adjusting for all possible confounders. Future studies need to include the type or duration of general anesthetic medications in the analysis as effect modifiers. Likewise, other medications known to affect neurodevelopmental outcome such as postnatal corticosteroid should need to be included in future studies. In addition, the timing, site, and degree of invasiveness of the surgery might have different effects on each neurodevelopmental impairment including cerebral palsy, cognitive or psychomotor delay, or neurosensory impairment. Further studies will therefore need to distinguish these points.
Another limitation encountered in our study was that the data from subsequent laparotomies after the initial laparotomy and other minor surgeries, including inguinal hernia operation, were unavailable in the KNN registry. 30,31 Although the data on surgical intervention due to congenital anomalies typically requiring surgery were also unavailable, we showed the type and incidences of congenital anomalies registered in the KNN. 10,19 Since longterm neurodevelopmental outcome data at CAs of 18-24 months were investigated in this study, follow-up studies are warranted to evaluate neurodevelopmental outcomes in these children at school ages or even after longer periods. 20,32,33 On the other hand, one should pay attention to the possibility that the severity of the underlying morbidity which led to the surgery, rather than the operation itself, had affected the neurodevelopmental impairment. Our results should be interpreted considering that surgery may be another way of expressing the severity of morbidity.
In addition, in the present study, the infants in group 3 (GA ≥ 30 weeks) were expected to have a high rate of small-for-gestational age (SGA), however, the SGA data were not obtained and included in our analysis. In spite of these limitations, our study provided national data on the incidences of various surgical interventions in VLBW infants. Furthermore, we provided additional evidence showing that surgical intervention was associated with detrimental neurodevelopmental outcomes and that multiple surgeries increased the risk of 7/10 https://jkms.org https://doi.org/10.3346/jkms.2019.34.e271
neurodevelopmental impairment compared with single surgeries. Lastly, we showed that the impact of surgery on neurodevelopment was different according to the type of surgery.
In conclusion, approximately one fifth of VLBW infants underwent one or more surgical interventions during initial NICU hospitalization. The impact of surgical interventions on long-term neurodevelopmental outcomes was sustained over a follow-up at a CA of 18-24 months. We showed that infants with multiple surgical interventions were at a greater risk of neurodevelopmental impairment than infants with single surgeries or no surgeries after adjusting for all possible confounders. Our results provide a reference for surgical intervention to parents, neonatologists, and social workers and elucidated the impact of surgical interventions performed in the early period of life on long-term neurodevelopmental outcomes. Future studies should include the effect of general anesthesia on neurodevelopmental outcome.
